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Abstract
Customers' individual preferences are calling for more variety of the firms offerings. Faced with this situation, firms endeavor to meet customer 
requirements while reducing their costs and impact on environment in order to remain competitive. Further on, achieving such a goal entails 
various issues that need to be tackled such as the multiple performance drivers and criteria relating to sustainability and variety. Accordingly, 
tradeoffs need to be defined and balanced between such heterogeneous criteria in order to facilitate the decision making process on variety 
levels with regards to sustainability impact. These tradeoffs should involve decision makers so as to reflect firm priorities and takes into 
account its realm. This paper proposes an approach supporting the decision making process on variety delivered to the market while taking into 
account sustainability criteria. More specifically, the approach uses performance indicators which are calculated by LCA based tools, then 
applies weightings, and finally computes the expected variety levels for a given demand data. The paper highlights the impact of variety 
steering on environmental and economic sustainability indicators. 
© 2015 The Authors. Published by Elsevier B.V.
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1. Introduction
Increasing customers' demands for tailored solutions 
compel firms to seek customer satisfaction more effectively, 
thus broadening the traditional focus on productivity to 
integrate customer expectations and satisfaction. This gave 
rise to more customer centered strategies in both B2C and 
B2B contexts, such mass customization (MC) and product 
service systems (PSS). While mass customization aims to 
fulfil customer individual needs with near mass production 
efficiency [1], product service systems aims to offer a solution 
with a combination of products and services that satisfies an 
identified customer need [2]. Therefore, MC and PSS are well 
suited for nowadays markets in multiple sectors.  
Further on, customers' individual preferences are calling for 
more variety of the firms offerings. Faced with this situation, 
firms endeavor to meet customer requirements while reducing 
their costs and impact on environment in order to remain 
competitive. Achieving such a goal entails various issues that 
need to be tackled such as the heterogeneity of the multiple 
performance drivers and criteria relating to sustainability and 
variety. Accordingly, tradeoffs need to be defined and 
balanced between such heterogeneous criteria in order to 
facilitate the decision making process on variety levels with 
regards to sustainability impact. These tradeoffs should 
involve decision makers so as to reflect firm priorities and 
takes into account its realm. 
This paper proposes an approach supporting the decision 
making process on variety of the solutions delivered to the 
market while taking into account sustainability criteria. More 
specifically, the approach uses performance indicators which 
are calculated by LCA-based tools, then applies weightings, 
and finally balances the production among variants to meet a
given demand requirements, using the above performance 
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indicators. The paper highlights the impact of variety steering 
on environmental and economic sustainability indicators, and 
then discusses the applicability of the proposed approach to 
product service systems.
The remainder of this paper is organized as follows. 
Section 2 provides and overview of product variety and 
sustainability assessment. The proposed approach is presented 
in Section 3. An illustrative example is presented and 
discussed in Section 4. Section 5 discusses the implications for 
PSS. The paper ends with concluding remarks in Section 5.  
2. State of the art 
2.1. Variety of the offering 
Increasing product and service variety is shown as an 
answer to diversified demands that shape current products and 
services markets. Ulrich [3] defines variety as the diversity of 
products that a production system provides to the 
marketplace. Therefore, many firms recognized the need for 
increasing variety of their offering to make them more 
attractive. 
The other side of variety relates to the complexity induced 
by the high number of variants, and thus components, 
modules, processes, and suppliers, etc. [4,5]. In the case of 
Product-Service Systems, new levers of variety are offered by 
service delivering [6]. Services are developed to bring a high 
level of customization, and the contracts linked to service 
delivery open the opportunity to refine the configuration of 
the offering depending on the specific needs of the final 
customer [7]. However, it has been underlined that too much 
variety confuses customers [8]. Hence, the benefits generated 
by variety may not keep pace with the increasing customers' 
demands of products and services
Commonality is put forth as a way to achieve variety while 
mitigating complexity and thus costs [9, 10]. Commonality 
aims to increase the share of common components, modules 
and processes, etc. in order to achieve economy of scope 
while delivering high variety to the market place. Product 
family is one of the key enablers of commonality. It is defined 
by Meyer and Lehnerd [11] as a set of similar products that 
are derived from a common platform and yet possess specific 
features/functionalities to meet particular customer 
requirements. As such, the product family enables the 
optimization of internal costs and variety offered to the 
customer [12].
Consequently, a major concern that needs to be addressed 
is the level of variety that a firm should deliver to the market. 
Two decision levels emerge at this point, i) how many 
variants should be included in the offering, and ii) what 
volume from each variant should be planned. The first relates 
to variety management, which aims to find an optimal product 
variety, and the second is concerned with variety steering 
aiming at balancing production among variants [8]. This paper 
is focused on the second question and takes into account 
sustainability impact of the variants in steering variety.
2.2. Sustainability assessment 
The emergence of environmental considerations in 
operations management is witnessed by the large amount of 
literature addressing both green concepts and supply chain 
management. This piece of literature involves typically the 
question of tradeoffs between environmental and business 
concerns [13,14].
Commonly addressed aspects include transportation, 
warehousing, inventory management and reverse logistics 
[15,16,17,18,19]. Beyond restrictive assumptions 
underpinning many of the proposed optimization models, 
there is a lack of a life cycle perspective in green operations 
optimization [14].
According to the United Nations Environment Programme 
UNEP [20] Life Cycle Thinking aims to manage the total life 
cycle of an organization’s products and services towards more 
sustainable consumption and production. Such an approach is 
based on preventive measures to reduce footprint and meet 
customer preferences throughout product life cycle. This trend 
gave rise to several initiatives, among them a life cycle 
assessment model embracing economic, environmental and 
social sustainability dimensions that has been developed 
recently [21,22]. One key advantage of this model lies in the 
integration of product, process and supply chain modelling 
with sustainability assessment. The indicators are calculated 
based on modelling and data extracted from the Ecoinvent 
database [23]. This initiative attempts to cover as much 
factors impacting sustainability as possible. This however 
leads to a more complex modelling process and high number
of heterogeneous indicators, thus calling for proper decision 
making supports. Next section will address jointly this 
question and the question mentioned towards the end of 
section 2.1. 
3. Proposed approach
This section reports on a decision making supporting 
approach for production planning which considers 
environmental sustainability criteria and customer demand. 
The aim is to balance the production volumes among different 
variants included in the company's offering so as to minimize 
environmental impact and maximize the profit generated out 
of the variants sales.  
3.1. Indicators weighting and normalization 
As the focus of this paper is not in the indicators 
development, an existing set of indicators meeting the life 
cycle principles can be used. Accordingly, a sub-set of the 
indicators described in [21] and [22] is used to measure the 
economic output and environmental impact of a given product 
variant. They are listed and defined in the following. 
UVC – Unitary Variable production Cost (€).The UVC
indicator measures the direct costs (deducting overheads and 
taxes) related to the manufacturing of one product unit.
GWP – Global Warming Potential (kg eq. CO2). The GWP 
indicator measures the contribution to the global warming 
caused by the emission of greenhouse gases in the atmosphere.
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NRD - Natural Resources Depletion (kg antimony eq.). The 
NRD indicator measures the depletion of non-renewable 
abiotic natural resources.
The model described in [22] does not take into account the 
stock holding costs. Therefore, following indicator is added.
SHC – Stock Holding Costs (€). SHC measures the cost 
induced by holding one unit of the stock during a given period 
of time.  
The number and heterogeneity of indicators are likely to 
impede the decision making process. Prioritization is one way 
to address these issues as they provide the basis for building 
holistic measures, thus facilitating the decision making 
process [24]. The weighting method adopted here is inspired 
by Medini et al. [25]. It consists of listing the indicators and 
guiding the decision makers through a pair-wise comparison 
process of these indicators. Afterwards the Analytic Hierarchy 
Process (AHP) [26] is applied to the results of comparison in 
order to derive weights of the indicators that reflect firms' 
priorities. AHP and decision making approaches at large, help
defining trade-offs between environmental and economic 
criteria and company concerns [27] [28] [29].
Assume that a predefined set of ݊ indicators ݆are to be 
weighted. The pair-wise comparison results in the matrix ܲ
(Eq.1), where ߩ௜௝ is the relative importance of indicator ݅ over 
indicator ݆. The average value of normalized weights results 
in the weight of the indicator (Eq. 2). The judgment scale 
adopted here is the one proposed by Saaty [26].
ܲ = ൭
ߩଵଵ ڮ ߩଵ௡
ڭ ڰ ߩ௜௝ ڰ ڭ
ߩ௡ଵ ڮ ߩ௡௡









 , ݆ א {1. .݊}                       (2)
Since sustainability indicators are heterogonous in terms of 
measuring units and ranges of their values, normalization is 
needed in order to improve their readability and mitigate the 
complexity of analysing them. The normalization here uses an 
improved sigmoid function, as shown in Eq. 3. This function 
was chosen as it ensures pseudo-linear mapping of the 







 , ܵ(ݔ) א]0,1[ (3)
with ܽ = 2 + ξ3 and ܾ = 7െ 4ξ3.
The subsequent holistic sustainability measure, ܪ , is 
shown in Eq. 4. Such that ܷܸ݊ܥ, ݊ܵܪܥ, ݊ܩܹܲ, and ܴ݊ܰܦ
are the normalized values of the indicators ܷܸܥ, ܵܪܥ, ܩܹܲ,
and ܴܰܦ, respectively. 
ܪ = ߱௎௏஼ . (ܷܸ݊ܥ + ݊ܵܪܥ) + ߱ீௐ௉ .݊ܩܹܲ + ߱ேோ஽ .ܴ݊ܰܦ (4)
The lower is ܪ (ܪ > 0) the more sustainable is the product 
variant. The improvement or deterioration of this holistic 
indicator is moderated by the comprising indicators' weights,
which may heighten or mitigate indicators influence on ܪ.
3.2. Linear programming model
Notations: 
݅ product variant 
ܨ product family
ݐ period
ܶ set of periods
ݔ௜௧ decision variable representing the production volume
of variant ݅ during period ݐ
݄௜௧ decision variable representing the inventory level of 
variant ݅ at the end of period ݐ
ݏ௜௧ decision variable representing the volume of sales of 
variant ݅ during period ݐ
ܲܥ total production capacity 
ܵܥ total storage capacity
௧ܵ total sales during period ݐ
ܦ௜௧ି minimum volume of variant ݅ required to satisfy a 
given market share during period ݐ
ܦ௜௧ା maximum volume beyond which the product variant 
݅ is expected to remain unsold at the end of period ݐ
ܷܸ݊ܥ௜ unitary variable cost allocated to variant ݅
݊ܩܹ ୧ܲ greenhouse gases allocated to variant ݅
ܴ݊ܰܦ୧ natural resources depletion allocated to variant ݅
݊ܵܪܥ୧ stock holding cost of one unit of variant ݅
We consider a manufacturing firm aiming to balance the 
production volumes among variants belonging to a given 
product family. Starting from the holistic sustainability 
indicator defined in previous section, a multi-objective 
function is given in Eq. 5, and needs to be minimized. Such 
objective function represents the weighted sum of the 
objective convex functions relating to the three sustainability 
indicators [31]. We assume that most of raw materials and 
components are ordered upon order confirmation, thus we 
limit stock holding cost calculation to the finished products. 
Z = σ σ (߱௎௏஼ .ܷܸ݊ܥ௜ + ߱ீௐ௉ .݊ܩܹ ௜ܲ +௧א்௜אி
߱ேோ஽ .ܴ݊ܰܦ௜). ݔ௜௧ + ߱௎௏஼ .݊ܵܪܥ௜ . ݄௜௧ (5)
The total production volume among variants should not 
exceed total production capacity ܲܥ (Eq. 6).
σ x୧௧௜אி ൑ ܲܥ  , ׊ݐ א ܶ (6)
Total inventory level at the end of given period should not 
exceed storage capacity (Eq. 7).
σ ݄୧௧௜אி ൑ ܵܥ  , ׊ݐ א ܶ (7)
Total production volume of a given variant augmented by 
its inventory level at the end of the previous period ݐ െ 1
should equal the variant's sales during period t augmented by 
the inventory level of this variant at the end of period ݐ (Eq. 
8).
x୧௧ + ݄௜௧ିଵ =  ݏ௜௧ + ݄௜௧ , ׊݅ א ܨ,׊ݐ א ܶ (8)
The sales volume of a given variant ݏ௜௧ during a given 
period should lie between demand lower and upper 
thresholds, ܦ௜௧ି and ܦ௜௧ା , respectively (Eq. 9). Total sales 
volumes among variants during a given period are equal to ܵ௧
(Eq. 10).
ܦ௜௧ି ൑ ݏ௜௧ ൑ ܦ௜௧ା  , ׊݅ א ܨ,׊ݐ א ܶ (9)
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σ ݏ௜௧௜אி =  ௧ܵ   , ׊ݐ א ܶ (10)
The model can be written as shown in Eq. 11 to 17. 
݉݅݊ ܼ (11)
s.t.
σ x୧௧௜אி ൑ ܥ  , ׊ݐ א ܶ (12)
x୧௧ + ݄௜௧ିଵ =  ݏ௜௧ + ݄௜௧  , ׊݅ א ܨ,׊ݐ א ܶ (13)
ܦ௜௧ି ൑ ݏ௜௧ ൑ ܦ௜௧ା  , ׊݅ א ܨ,׊ݐ א ܶ (14)
x୧௧ ൒ 0 , ׊݅ א ܨ,׊ݐ א ܶ (15)
ݏ௜௧ ൒ 0 , ׊݅ א ܨ,׊ݐ א ܶ (16)
݄௜௧ ൒ 0 , ׊݅ א ܨ,׊ݐ א ܶ (17)
As the variety allows to capture broader market shares, the 
evaluation should also take into account the profit associated 
to each solution proposed by the model. Therefore, a gross 
profit indicator is calculated as shown in Eq. 18. Where ௜ܲ ,
ܷܸܥ௜, and ܵܪܥ௜ are the selling price, unitary variable cost and 
stock holding cost of variant ݅.
ܩܲ = σ σ ݏ௜௧ . ( ௜ܲ െ ܷܸܥ௜௧א்௜אி )െ ݄௜௧ . ܵܪܥ௜ (18)
4. Illustrative example
The specific example addressed in this section involves a 
physical product family. However, other case studies can be 
considered in order to check the application results of the 
proposed approach to integrated product-service solutions.
4.1. Data overview and indicators normalization
The model is illustrated with an example inspired by a real 
case study in the furniture sector. The product family is a 
kitchen cabinet, which is a corner stone of all kitchen variants
regardless the specific customers' requirements. 
The data about the variants is fully gathered from the case 
company. Six variants are considered and are typically 
differentiated according their sizes. Since data about available 
monthly production and storage capacities allocated to the 
considered product family was not available, estimates are 
used. Similarly, an estimate of the stock holding ratio is used.
x H1: Monthly production capacity amounts to 1200 units. 
x H2: Monthly storage capacity amounts to 900 units. 
x H3: Initial inventory levels are 50 units from variants 1,2,3,
and 5, and 400 from variants 4 and 6.
x H4: Unitary stock holding ratio is  0.3% of the article value. 
Regarding sales, only data about cumulated product 
families' sales is available. Therefore, following hypotheses 
are used to calculate the demands of the considered product 
family (see Table 1). 
x H5: The considered product family accounts for 30% of the 
overall sales. 
x H6: The variation between upper and lower demand 
thresholds is equal to 10 product units ( ο௧௛).
The three indicators ܷܸܥ , ܩܹܲ, and ܴܰܦ are calculated 
upon modelling the product, processes and supply chain 
delivering the product family using the Editors developed 
within the framework of the European project S-MC-S
(Sustainability for – Mass Customization – for Sustainability) 
[23]. Their values are shown in Table 2. Last column of the 
table provides the selling prices of the variants.





1 2 3 4 5 6
ܦି ܦା ܦି ܦା ܦି ܦା ܦି ܦା ܦି ܦା ܦି ܦା
1 300 10 20 10 20 10 20 115 125 10 20 115 125
2 624 10 20 10 20 10 20 277 287 10 20 277 287
3 884 39 49 39 49 39 49 349 359 39 49 349 359
4 934 42 52 42 52 42 52 368 378 42 52 368 378
5 982 44 54 44 54 44 54 388 398 44 54 388 398
6 1260 58 68 58 68 58 68 499 509 58 68 499 509
7 1360 63 73 63 73 63 73 539 549 63 73 539 549
8 1374 64 74 64 74 64 74 544 554 64 74 544 554
9 1260 58 68 58 68 58 68 499 509 58 68 499 509
10 1422 66 76 66 76 66 76 564 574 66 76 564 574
11 1356 63 73 63 73 63 73 537 547 63 73 537 547
12 1248 57 67 57 67 57 67 495 505 57 67 495 505
Table 2. Indicators values of the product family
Variant ܷܸܥ ܩܹܲ ܴܰܦ ܲ
1 11.21 20.95 0.19 350
2 13.41 23.56 0.22 350
3 14.35 22.84 0.21 350
4 13.80 22.36 0.21 350
5 16.10 23.07 0.22 350
6 14.86 22.10 0.21 350
Table 3 shows the weights of the indicators derived from 
interviews output. The weights reflect the concerns of the 
firm, which are dominated by the economic perspective. The 
ܩܹܲ has the lowest weight as it has no obvious impact on the 
costs such as ܴܰܦ.





The normalization results of the indicators are shown in 
Table 4. No normalization is needed for ܴܰܦ.
Table 4. Normalized indicators  values
Variant ܷܸܥ ܩܹܲ ܴܰܦ
1 0.77 0.94 0.19
2 0.83 0.96 0.22
3 0.85 0.95 0.21
4 0.84 0.95 0.21
5 0.88 0.95 0.22
6 0.86 0.95 0.21
The model was implemented using the software LINGO 
15.0.20, and run on an Intel ™ Core ™ with 2.40 GHz 
processor. The model includes 216 variables and 469
constraints.
4.2. Computation results 
Tables 5 and 6 show respectively, the indicators values and 
the sales distribution, as suggested by the model. 









175 924 267 660 2 520 4 375 476
It can be seen from Table 6 that the model suggests to 
maximize the shares of variants 1, 2 and 4 in the sales and 
minimize the shares of variants 3 and 6. This stems from the 
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criteria adopted here and which includes weighted 
sustainability indicators. 
Table 6. Sales volumes 
ݐ ݏଵ௧ ݏଶ௧ ݏଷ௧ ݏସ௧ ݏହ௧ ݏ଺௧
1 20 20 18 117 18 115
2 20 20 10 287 10 277
3 49 49 39 359 39 349
4 52 52 42 378 42 368
5 54 54 44 398 44 388
6 68 68 58 509 58 499
7 73 73 63 549 63 539
8 74 74 64 554 64 544
9 68 68 58 509 58 499
10 76 76 66 574 66 564
11 73 73 63 547 63 537
12 67 67 57 505 57 495
Figure 1 shows the production volumes computed for the 
twelve considered periods. Variants 4 and 6 has the lion share 
in production volumes, which is in line with the demand 
upper and lower thresholds (cf. Table 1). Only minor 
production volumes are launched during first periods (i.e. 4
units) because of the initial inventory levels that allow to meet 
the demand of these two periods (cf. H3).
Fig. 1. Production volumes distribution among variants 
With the limited production capacity (1200 unit/month), 
the inventory level culminates at the fifth period because of 
the higher average demands occurring during periods 6 to 12
(Figure 2).
Fig. 2. Inventory level throughout computation periods 
The model balances sales among variants so as to better 
satisfy the objective functions, which is to reduce the overall 
sustainability impact of the product family. Additionally, it 
balances the production volumes and resulting inventory 
levels among the computation periods so as to minimize total 
costs. As such, the model can be used to support the decision 
making regarding product mix, through identifying trade-offs 
between several criteria. 
Furthermore, the model uses inputs from the decision 
makers to weigh the indicators, which is likely to facilitate its 
adoption by practitioners. 
Perspectives for further improvement include the 
integration of the profit indicator in the objective function so 
as to broaden the scope of the identified tradeoffs. However 
one issue at this point relates to the weighting step. In fact, it 
is critical to judge priorities of profit compared to 
environmental issue, as the mainspring of a company is 
typically to generate profit. 
Additionally, it could be interesting to analyze the 
computation results for different weights sets. This would 
uncover the differences in production plans and sales 
balancing, pertaining to firm orientation in terms of 
sustainability.   
Finally, integrating the life cycle thinking in the 
optimization of the production and transportation flows entails 
high complexity. For instance, lot of data is often required to 
perform even a simple LCA. Furthermore, reliability of the 
decision making support is closely related to the uncertainty 
underlining the data. 
5. Implications for PSS
The results of the case study illustrate the potential of the 
approach to manage variety towards an overall objective of 
sustainable performance. This orientation makes the extension 
of the proposal particularly interesting for PSS for several 
reasons, for instance:
x Increasing PSS offering variety is an important lever to meet 
diversified customers' demands in both B2C and B2B 
contexts [32,33,34]. However the variety should be 
monitored in order to avoid its rebound effect relating to 
customer confusion and explosion of respective costs. 
x Sustainability concerns are a prominent feature for many 
companies adopting the PSS [35,36], thus the integration of 
these concerns with the business goals is of much interest 
for those companies.
In this sense, several key issues need to be analysed 
thoroughly in order to extend the proposed approach to the 
PSS context, in particular:
x The model should support the solution space comprised of 
products and services translated into configuration 
alternatives [37] of PSS contracts.   
x The production system/supply chain delivering the PSS 
combines both manufacturing and service processes. This 
peculiarity requires some adaptations of the model.
x The performance of service delivery requires other 
indicators to be measured, beyond the costs and profit (e.g. 
service level, etc.); hence the respective indicators should be 
taken into account. 
6. Conclusion
This paper proposes an approach relying on weighting, 
normalization and optimization in order to support the 
decision making on variety levels from production planning 
perspective. It was illustrated by an example inspired by a real 
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used in practice. It was seen that the model combines 
indicators weights and values allocated to product variants 
towards the identification of the tradeoffs. Additionally, the 
model optimizes the production volumes and inventory levels, 
thus providing useful support for production planning for 
variety steering. 
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